This paper reviews the current state of understanding of the L-H transition phenomenon in tokamak plasmas with a focus on two central issues: (a) the mechanism for turbulence quick suppression at the L-H transition; (b) the mechanism for subsequent generation of sheared flow. We briefly review recent advances in the understanding of the fast suppression of edge turbulence across the L-H transition. We uncover a comprehensive physical picture of the L-H transition by piecing together a number of recent experimental observations and insights obtained from 1D and 2D simulation models. Different roles played by diamagnetic mean flow, neoclassical-driven mean flow, turbulence-driven mean flow, and turbulence-driven zonal flows are discussed and clarified. It is found that the L-H transition occurs spontaneously mediated by a shift in the radial wavenumber spectrum of edge turbulence, which provides a critical evidence for the theory of turbulence quench by the flow shear. Remaining questions and some key directions for future investigations are proposed.
Introduction
As we know, when the heating power exceeds a threshold, the tokamak plasma can spontaneously transit from a low-confinement (L) state to a high-confinement (H) state due to the suppression of plasma turbulence and the formation of a transport barrier at the plasma edge, known as L-H transition. There is substantial evidence that the suppression of turbulence is due to the formation of a shear layer of E×B flows at the plasma edge [1, 2] .
Since the L-H transition was first discovered in 1982 [3] , it has been an old unsolved problem for three decades in the field of fusion plasma physics. Now that the H-mode is the projected baseline operational scenario for ITER [4] , it is of great importance for understanding the physics basis for fusion energy. This topic of L-H transition is old, but still in progress, especially in the last five years, which is typically focused on two central questions. One is the mechanism for turbulence quick suppression at the L-H transition, and the other is the mechanism for the sheared-flow generation.
For the first question, many theories have been proposed. However, generally speaking, they can be divided into four categories.
(1) The mean flow bifurcation plus shear decorrelation, which is the most early proposed and also the most popular category of theories. The first theory is Stinger's spin up in 1969 [5] . Itoh [6, 7] , Shaing [8] , Biglari [9] , and Hinton [10] all contributed to this category of theories. For this category, the shear decorrelation theory gives a rather weak dependence of the turbulence intensity with flow shear, such as the inverse square dependence [10, 11] . So, a significant increase of the mean flow shear in a very short time scale is required to suppress the turbulence to a low level. This sudden flow shear increase can only be achieved by a bifurcation of the momentum equilibrium at the plasma edge driven by a change in the neoclassical/turbulent momentum transport, momentum source/sink or momentum boundary condition. The ion orbit loss is one candidate mechanism belonging to this category [7, 8] .
(2) The inverse cascade to zonal flows [12] . The plasma turbulence in a strongly magnetized plasma is thought to be quasi two dimensional. The inverse cascade to zonal flows is a fundamental property of the two dimensional turbulence. Based on this concept, Pat Diamond proposed the predatorprey model to explain the L-H transition [13, 14] . Following the logic of this theory, a prompt increase of the energy transfer rate from turbulence to zonal flows through the turbulent Reynolds stress is required.
(3) The radial wave number k r spectral shift and tilt of turbulence eddy structures proposed recently by Gary Staebler based on the GYRO code simulations [15, 16] . The turbulence suppression is due to scattering turbulence energy to the high k ⊥ region where the energy is dissipated. This mechanism can explain the turbulence quench in the early gyro-fluid ITG turbulence simulations by Waltz [17] .
(4) The phase transition across an instability boundary, for instance, stabilization of the resistive drift-ballooning mode at the L-H transition [18] [19] [20] . It is a candidate mode for the L-mode turbulence at the plasma edge.
For the second question: 'the mechanism for the shearedflow generation', according to the radial force balance equation, which has been broadly studied in theories and experiments [18, [21] [22] [23] , the total E×B flows are composed of the diamagnetic mean flow, the neoclassical-driven mean flow, the turbulence-driven mean flow and the turbulencedriven zonal flows which is the time-varying component. It is important to know that the mean flow can also have a turbulence-driven component. It is different from the zonal flows. In the H-mode pedestal, the diamagnetic mean flow dominates. However, in the L-mode plasma edge, these flow components may be comparable in magnitude.
In order to address these questions mentioned above for understanding the L-H transition in fusion plasmas, a series of experiments and model analyses have been extensively carried out on the EAST superconducting tokamak, then the main results and observations will be reviewed in this paper by the following sections. Section 2 briefly summarizes the contribution of different components to the sheared-flow generation. According to the radial force balance equation, (a) the diamagnetic mean flow dominates in the H-mode pedestal, however, neoclassical mean flow, turbulence-driven mean flow or turbulence-driven zonal flows may be comparable to the diamagnetic flow in the L mode, which bring in several feedback loops whereby E r and its shear can change, allowing the plasma access to different confinement regimes. (b) Turbulence-driven mean flow is important, where the turbulence directly transports poloidal momentum out, which enhances the edge mean-flow shear in L mode. (c) Zonal flows are superimposed on the mean flow, which can trigger the transition when the mean-flow shear is still far below the transition threshold. If the zonal-flow amplitude is much smaller than the mean flow, the effects of zonal flows may be negligible, and the transition will be solely determined by the mean-flow shear. Section 3 presents an experimental evidence for the understanding of Waltz's turbulence quenching effects. It is found that the L-H transition occurs spontaneously mediated by a shift in the radial wavenumber spectrum of edge turbulence, which provides critical evidence for the theory of turbulence quench by the flow shear. Finally, section 4 contains conclusions and discussions of open questions.
Mechanism for the sheared-flow generation
Considering that the plasma is a self-consistent system of force balance, E×B flow V E is determined by the radial electric field E r , which in turn could be deduced from the radial force balance for any plasma species. Since the main ions dominate the plasma momentum due to their large mass relative to electrons, it is of interest to E×B flow on the ion species shown in equation (1) . The sign convention here is that the positive value designates in the ion diamagnetic drift direction and the negative value designates in the electron diamagnetic drift direction
where Z i is the charge state of the ions, e is the electronic charge, n i is the ion number density, and p i is the ion pressure. All quantities in equation ( is the diamagnetic mean flow which is determined by the power balance involving the cross-field heat, particle transport. The second oneV i is the perpendicular mean flow, which could be decomposed into the poloidal and toroidal two components in a torus shown in equation (2) involving the neoclassical and turbulent poloidal and toroidal momentum transport. The contribution of co-current toroidal rotation to E×B flow is in the ion diamagnetic drift direction
The third onev i means turbulence-driven zonal flows [12, 24] , it is superimposed on the mean flow to give E×B flow a significant time-varying and spatial varying component. Recently these effects have been directly observed by the high spatial resolution Doppler backscattering measurements in JET [25] . Therefore, zonal flows could also play a very important role in the sheared-flow generation, and eventually help to stabilize the turbulence for L-H transition trigger as shown in the schematic diagram of figure 1. The zonal flows are fluctuating flows, which is possible to make the flow shear exceed the threshold instantaneously, thus to trigger the transition when the mean-flow shear is still far below the transition threshold. Therefore, the zonal flows in principle can reduce the transition threshold.
However, if the zonal-flow amplitude is much smaller than the mean flow, the effect of zonal flows may be negligible, and the transition will be solely determined by the mean-flow shear. In the ASDEX-Upgrade, it is found that the E r minimum at the plasma edge prior to the L-H transition does not change with the pedestal density [26] . The more recent investigations indicate that the minimum of E r is also independent of the heating power and even wall materials [27] , shown in figure 2, suggesting that in ASDEX-Upgrade the mean flow shear dominates the transition threshold. (There are some deviations, which may be due to the zonal flows, but they are relatively small.) Particularly, the statement of this paper is focusing on the plasma edge physics of the L-H transition, which implies that the diamagnetic and poloidal mean flow dominate E×B flow [2] . Due to the very small projection in a tokamak and the approximate toroidal symmetry, the toroidal neoclassical stress is relatively weak [28, 29] , which means near the edge the contribution from the toroidal mean flow is generally thought to be small. However, it is capable of shifting the E×B flow profile and affecting the transition power. Therefore, in the edge region the approximation of the E×B mean flow could be given by equation (3), where the perpendicular mean flow is dominated by its poloidal components
According to equation (3), to explore the dynamic evolution of E×B mean flow requires access to the crossfield heat, particle transport and cross-field poloidal momentum transport, which involve different feedback loops between turbulence and E×B sheared flow [30] . For the poloidal mean flow q V , i it can be driven by the turbulent transport through the turbulent Reynolds stress [31] , which is the turbulence-driven momentum flux. It can also be strongly influenced by the neoclassical transport, where the poloidal neoclassical stress is strong in a tokamak due to the very strong magnetic pumping [28, 32, 33] and the ion-orbit loss at the plasma edge [7, 8] . These processes are coupled together to determine the profile of poloidal mean flow, which have been estimated in a radial dynamic model via equation (4) [30, 34] 
Another important factor that makes the plasma edge special is the boundary conditions. In the core, the poloidal flow is usually clamped to the neoclassical value due to the very strong magnetic pumping. However, at the plasma edge, the E r in the SOL is usually positive due to the sheath boundary condition and the radial decay of the electron temperature [34] [35] [36] , the related approximate expression could be given by
.
Then from the point of view of poloidal flow, E×B flow is fixed at the edge in the dynamic model, which leads to a constrained boundary condition for equation (4) by the radial force balance equation, shown as equation (5) ⎛
where influence from the toroidal mean flow is also neglected, and the suitable edge values of temperature and density are required to match the heat flux into the crape-off layer (SOL) [37, 38] .
As the comprehensive result of the radial force balance equation is near the edge, figure 3 visualizes the profile of the E×B flow and its two important components in L-mode from equation (3), where the poloidal flow near the separatrix significantly deviates from the neoclassical value q V . i neo A viscous boundary layer is formed inside the separatrix to transition from the SOL poloidal flow to the neoclassical solution in the core. It is obvious that there is a sharp shear layer of poloidal flow near the edge since there is a big velocity gap between the neoclassical flow and the diamagnetic flow. The negative radial electric field well E r -well is formed near the inside of the edge, where the pressure gradient determining the depth of theE r -well and poloidal flow give the positive contribution to make the E r have a fixed value at the edge. Also schematically the zonal flow is superimposed on the mean flow to give E r a fine-scale structure [25] . In the L-mode, theE r -well is relatively low and flat due to the shallow pressure gradient. However, a sharp flow shear component by poloidal flow near the edge implies that before the diamagnetic flow becomes dominating, the modulation of poloidal flow by the momentum transport will highly affect the total E×B flow shear.
Furthermore, the modeling of dynamic evolution for the edge poloidal flow is also in close compliance with the relevant experiments, where direct evidence has been reported that the edge poloidal flow and E×B flow change across the L-H transition were measured 20 years ago in DIII-D [22, 39] . Just as shown in figure 4 of the recent results from the 1D radial dynamic model [30] , which successfully reproduced the profiles change across the L-H transition, the edge E r becomes more negative in the H-mode mainly due to the significant increase of the diamagnetic mean flow. However, its boundary value on the separatrix is still clamped to a positive value due to the sheath boundary condition in the SOL. The poloidal mean flow at the plasma edge increases in the ion-diamagnetic direction across the L-H transition mainly due to the boundary condition change, namely, significant increase of the pressure gradient and the diamagnetic mean flow on the separatrix. 
The role played by the turbulence-driven mean flow in the L-H transition
Since the poloidal flow provides a sharp flow shear component near the edge, the poloidal momentum transport with turbulence could be very important during L-H transition. Actually, near the transition power threshold, there is an oscillatory intermediate phase, so-called I-phase, as shown in figure 5 , which can occur at L-H transition, H-L back transition or during the L mode, namely, the normal dithering. It should be clarified that the flow oscillations that appear during the I-phase are not zonal flows; they are oscillating mean flows [36] , which is a significant phenomenon to analyze the momentum transport of turbulence-driven mean flow.
In contrast with the normal dithering, a small dithering was also observed prior to the L-H transition near the power threshold firstly in EAST [36, 40] shown in figure 6 , and observed in other tokamaks, such as the ASDEX-Upgrade [41] . This small dithering is different from the normal dithering in the I-phase. For instance, it has very weak magnetic perturbations, typically less than 0.1 Gauss. However, the normal dithering in the I-phase has very strong n=0, m=1 magnetic perturbations [36, 42] , typically of 1 Gauss, more than ten times larger. In addition, it is observed that the turbulence suppression and turbulent Reynolds stress modulation are associated with the small dithers, which is consistent with the characteristics of zonal flows [40] .
Now from the view point of mean flow, the natural question is: what is the role played by the turbulence-driven mean flow in the L-H transition? Especially, it is necessary to know whether the turbulence-driven mean flow enhances or reduces the mean flow shear in the L-mode plasma edge? In JET, with the reciprocating probe measurements, it was found that turbulence transports positive poloidal momentum out through the turbulent Reynolds stress [43] , as shown in figure 7 . Since the poloidal mean flow on the separatrix is determined by the boundary condition, the outward turbulent momentum flux will reduce the positive poloidal mean flow, thus enhancing the mean flow shear at the plasma edge in the L mode. Therefore, the turbulence-driven mean flow in principle can reduce the L-H transition threshold and trigger the transition.
As shown in figure 8 , in EAST, sometimes, it is clearly observed that the turbulence level, turbulent Reynolds stress, mean flow and mean flow shear increase prior to the L-H transition [36, 44] . A similar phenomenon has also been observed recently in DIII-D [45, 46] and Alcator C-Mod [47] with different diagnostics. However, just like near the L-H transition, the minimum of E r is independent of the heating power and even wall materials shown in figure 2, so it is highly suggested that the transition threshold is determined by the total E×B flow shear not the turbulence-driven mean flow shear. How strongly can the turbulence-driven mean flow influence the transition threshold, which is thought to be a problem of the relative contribution to the total flow shear.
Meanwhile, how does the E×B flow and flow shear change during the L-H transition? Dedicated experiments have been conducted on EAST with a 3 by 4 probe array [36] . As shown in figure 9 , the probe measurements indicate that the mean E×B flow near the separatrix changes towards the ion-diamagnetic direction, and the flow shear increases at the same time of the turbulence suppression. Since the turbulence-driven mean flow will disappear when the turbulence is suppressed, and the pressure gradient increases near the separatrix, this may lead to the recovery of the turbulence level and the formation of limit-cycle oscillations (LCOs). The diamagnetic mean flow keeps building up, and finally the plasma locks in the H mode. If the diamagnetic mean flow cannot immediately take over, for instance, because the pressure gradient increase is very slow in the marginal power case, a LCO will appear.
For the LCOs, figure 10 shows the L-I-H transition measured by the gas puff imaging diagnostics in EAST [48, 49] . Recently, the L-I-H transition and back transition have been successfully reproduced by the HESEL code, which is a four-field 2D drift-MHD code [50, 51] , as shown in figure 11 . The simulation domain is a rectangle area on the low-field side near the outer midplane. The simulation recovers the transition power threshold as well as the decrease in power threshold switching from a single to double null configuration observed in the EAST experiments. The key to achieving the simulations of L-H transition and I-phase is the introduction of the generalized vorticity w f =  + p , 2 i ( ) which could be derived from the leading order polarization current and numerically applied by other models [52] [53] [54] . It has a term proportional to the time derivative of the ion pressure gradient, which is essential for setting up and sustaining the 'mean flow', which locks plasma in the H mode.
Understanding of turbulence quenching effects

Dynamic model of turbulence radial wavenumber spectrum shift
Comparing with the observation of plasma parameters change during L-H transition, it is more difficult to directly evidence a turbulence suppression theory with finite plasma Figure 6 . The time history of (a) divertor Dα emission and (b) its zoom-in plot for small dithering. Reproduced with permission from [36] , copyright 2014 IAEA.
diagnostics. Therefore, instead of addressing the first general question of how does the flow shear suppress the turbulence during the L-H transition, here a special question is specified: what is the physics behind the 'Waltz's quench rule', namely, turbulence quenches when the E×B shearing rate exceeds the linear growth rate of the most unstable mode [17] . As a paradigm, the reduction of the intensity of the turbulence I was found to be well fit over a range of plasma parameters by equation
where I 0 is the turbulence intensity without the E×B velocity shear g´, E B g max is the maximum linear growth rate without E×B flow shear, and a E is a proportional factor. On the other hand, the shear decorrelation theory of Shaing [8] or Biglari [9] gives a rather weak dependence of the turbulence intensity on flow shear. An example [11] of the formula for the reduction of the turbulence intensity due to the decorrelation effect is shown as equation (7) a g t
where t c0 is the decorrelation time of the turbulence without mean field E×B flow shear, and a cor is a proportional constant.
If one is to define a reduced function of E×B flow shear gf E B ( ) for each of equations (6) and (7), it is possible to illustrate the comparison between turbulence quench and decorrelation, where the normalized turbulence intensity varies with a reduced function of E×B flow shear shown in figure 12 . The formula of equation (7) could be capable of providing a bifurcation to an improved particle and energy confinement similar to the H-mode regime [10] . In the past, the decorrelation theory was tested with non-linear gyro-fluid simulations of ion temperature gradient (ITG) modes with adiabatic electrons in torodial geometry [55, 56] . Surprisingly, it was found that the stabilizing effect of E×B flow shear was an order of magnitude stronger than the decorrelation formulas would predict.
Furthermore, the turbulence suppression in experiments usually occurs very fast, typically of 100 μs [57] . Thus a significant increase of the mean flow shear in a very short time scale is required for the decorrelation paradigm to suppress the turbulence at the transition. However, the mean flow change prior to the transition is usually small. So, there is a causality problem. The turbulence intensity may have a much stronger nonlinear dependence with the flow shear.
In order to understand the turbulence quenching effects, a more recent turbulence suppression theory was proposed by Gary Staebler based on the GYRO code simulations [15, 16] . In this theory, the turbulence suppression is induced by a radial wavenumber spectral shift k r and a tilt of 2D eddy structures due to the breaking down of the ballooning symmetry in a torus by the flow shear. The spectral shift scatters turbulence energy to the highk region where the energy is dissipated. Based on this suppression mechanism, a dynamic model of turbulence radial wavenumber spectrum shift has been developed, which has the advantage of demonstrating that the fast transition can occur spontaneously, mediated by a shift in the radial wavenumber spectrum of turbulence without the assistance of zonal flows [58] . The model consists of two coupled dynamic equations 
where the details of the model are discussed in [57] , so it is suitable to briefly outline the essential framework here. Equation (8) is a time-dependent one-dimensional (in k x space) equation describing the nonlinear evolution of the amplitude of the electric potential fluctuations F [15] , which corresponds to turbulence intensity µ F I .
is the radial wave number, r = q k k y s is the poloidal wave number, and r s is the ion gyroradius. On the right-hand side of equation (8), the g k y in the first term indicates the turbulence increases by the linear growth rate of the most unstable mode at a certain k .
y For the tokamak plasma edge region, g k y could be evaluated via the ballooning-type instabilities driven by pressure gradient p. The second term describes the shift in the radial wave number spectrum induced by the shear in fluctuation phase velocity in the lab frame, the so-called 'Doppler shift' [17] . If the shear is dominated by E×B shear g´, E B it can be tied to the ion pressure gradient according to the radial force balance equation. The third term is a quadratic nonlinear term, which represents the effect of nonlinear mode coupling and viscous dissipation, leading to turbulence damping. Since the actual nonlinear mode coupling term in the gyrokinetic equation is a convolution over the k k , x y ( ) space [15, 59] , the fourth term of spectral diffusivity has been used to recover the mode coupling between adjacent k x . Equation (9) describes the cross-field thermal transport at the plasma edge. Q eff is the heat flux from the plasma core, which is proportional to input heating power. c eff neo is the neoclassical thermal conductivity.
is the turbulence-driven thermal conductivity. c c >> eff eff neo needs to be satisfied in L-mode plasmas. Finally, the pressure gradient contributes to the turbulence driving and E×B shear, and the turbulence intensity dominates the thermal transport; these processes make equations (8) and (9) couple to each other. The main modeling results are shown in figures 13 and 14. The system reaches a stationary state first, which is an L-mode state far from the transition threshold condition. When the input heating power is doubled shown in Figure 8 . The time history of (a) divertor Dα emission, (b) E×B velocities, black and red curves standing for that measured at ports E and A, respectively, (c) mean-square fluctuation levels of the perpendicular E×B flows, (d) turbulent Reynolds stress, (e) the radial gradient of turbulent Reynolds stress, (f) shear flow production, and (g) normalized shear flow production. Reproduced with permission from [36] , copyright 2014 IAEA. Figure 9 . The time history of (a) divertor Hα emission, (b) ion saturation current from the innermost tip, (c) E×B flow velocity at D~-r 5 mm (black) and at Dr 0 mm (red), (d) E×B flow shear, and (e) electron diamagnetic drift velocity. figure 13(e) , the edge pressure gradient and turbulence amplitude gradually climb up to a higher level and then nearly saturate. However, the k x -spectrum continuously evolves as approaching the transition, as indicated by the evolution of the spectral average shift á ñ k x which is defined by
physics direction of negative k x is radially outward, which is the same as that in the experiments. In particular, the change in á ñ k x accelerates near the transition point, suggesting an accelerated spectral shift, which eventually triggers the L-H transition. At the transition, the turbulence amplitude is quenched within a few hundreds of microseconds due to a fast spectral shift as shown in figure 14(b) . The fast spectral shift leads to a quick suppression of the turbulence by the nonlinear mode coupling and dissipation in the third term of equation (8) . The Reynolds stress is defined by the quasilinear formula,
It does not show a pre-transition overshot, instead, it decreases as approaching the transition due to a reduced integral of the spectral power by the spectral shift, and then quickly decreases at the transition when the turbulence amplitude is suppressed. The turbulence suppression mechanism and the dynamic model as shown above could explain the turbulence quench in the early gyro-fluid ITG turbulence simulations. Even a model has been developed based on this suppression theory, which has successfully reproduced the fast L-H transition and the LCOs in the I-phase [60, 61] . But another important figure 1. (a) to (c) derived from a synthetic GPI signal, (d) integrated parallel particle loss term as a proxy to divertor Dα, (e) and (f) derived from E×B velocities, and (g) displays the electron density profile not accessible from GPI. Reproduced with permission from [50] , copyright 2015 Elsevier. experimental fact on EAST should be mentioned to further validate the turbulence quenching effects.
More recently, the direct observation of an L-H transition mediated by the turbulence k r spectral shift and eddy structure tilting has been achieved, for the first time, in the EAST superconducting tokamak [58] . As shown in figure 15 , the turbulence k r spectral shift appears tens of milliseconds prior to the L-H transition indicated by a sharp drop in the divertor Dα emission level, correlated with the time evolution of the local E×B flow shear at the plasma edge. The amplitude of turbulent Reynolds stress does not show significant change prior to the transition, instead, it decreases at the transition when the turbulence level is suppressed. Here, negative k r points outwards radially. The change in the spectral shape is mainly manifested by a depletion of the spectral power on the positive k r side, consistent with the modeling results as shown in figure 14(a) .
Across the transition, the spectral shift is significantly accelerated, as indicated by the inclined spectral transition front marked by the dashed line in figure 16(a) , which is the zoom-in plot of figure 15(a) near the transition point. The k r spectrum moves completely to the negative k r side; meanwhile, the turbulence level is significantly reduced within a few hundreds of μs, just like those predicted by the model in figure 14(b) . Figure 16(b) shows the turbulence power spectra in q k k , r ( )space at three time points indicating that the tilting angle of the turbulence structures increases as approaching the transition point in addition to the spectral shift towards negative k .
r The spectra concentrate mostly in the negative q k space, since the turbulence propagates poloidally in the electron diamagnetic direction in the lab frame.
Conclusions and discussions
According to the experiments and model analysis carried out on the EAST superconducting tokamak for understanding the L-H transition in fusion plasmas, the main results and observations have been summarized in this paper for the turbulence quick suppression mechanism and the shearedflow generation at the L-H transition. For the turbulence quick suppression, it is challenging for the shear decorrelation paradigm. However, the direct observation of a turbulence radial wavenumber spectral shift and turbulence structure tilting prior to and across the L-H transition at the plasma edge in EAST may shed light on the recent experimental observations concerning the L-H transition process. According to this new turbulence suppression mechanism, i.e., scattering turbulence energy to a higherk region instead of inverse cascading to zonal flows, a bifurcation driven solely by the mean flow shear is possible. Furthermore, the bifurcation is not necessarily triggered or preceded by a sudden increase in the mean flow shear. The increase of mean flow shear typically occurs right after the transition as a consequence of the turbulence suppression.
It should be noted that the shear in fluctuation phase velocity in the lab frame v ph is composed of E×B drift velocity V E and phase velocity in the plasma frame v , php which Figure 13 . Time evolution of (a) turbulence amplitude at = k 0, means some changes in v php due to some modifications in the turbulence modes can also lead to v ph change even though there is no change in V .
E Therefore, besides the E×B flow shear, other effects contributing to the shear in v ph also should be studied further theoretically and experimentally.
For the sheared-flow generation, especially for the E×B flow shear, the radial force balance equation is a direct tool to examine the change of radial electric field, which indicates E×B flow can be generated spontaneously through several mechanisms, such as a steepening of the ion pressure gradient, ion orbit loss, plasma rotation, or turbulence-driven momentum transport via turbulent Reynolds stress. Particularly at the tokamak edge, it is necessary to investigate the boundary condition of SOL and the direction of turbulencedriven momentum flux carefully, since the poloidal flow near the separatrix could significantly deviate from the neoclassical value, which provides a sharp flow shear component for E×B flow shear near the edge.
Meanwhile it is emphasized that turbulence-driven zonal flow superimposed on the mean flow gives E×B flow a significant time-varying and spatial varying component. Therefore, zonal flows could also play a very important role in the sheared-flow generation for the LCOs during slow L-H transition near the transition power threshold.
Another key factor in L-H transition modeling that should be marked out is the generalized vorticity w f =  + p , 2 i ( ) which could be derived from the leading order polarization current and related to MHD type instabilities. Thereby it is implied that the L-H transition could be associated with the stabilization of the MHD type mode near the separatrix since k is very small and the parallel electron motion is strongly impeded, and as a consequence a new MHD type of instabilities may arise near the separatrix.
Finally, the recent work on EAST still cannot fully uncover the mystery of L-H transition, but these findings mentioned above represent a substantial and novel advance in this important area of magnetic fusion research, which may open a new path of inquiry in future work. Figure 15 . Direct evidence for the turbulence radial wavenumber spectral shift prior to and mediating the L-H transition obtained at plasma edge in EAST using a probe array. Time evolution of (a) radial wavenumber spectrum displayed in log scale, spectral averaged radial wavenumber á ñ k r as indicated by the black curve, (b) Divertor Dα emission, (c) E×B velocity at two radial locations, diamagnetic drift velocity and poloidal phase velocity of fluctuations, (d) turbulent Reynolds stress at ∼5 mm inside the separatrix for Re 1 and approximately on the separatrix for Re 2 . Reproduced with permission from [58] , copyright 2016 American Physical Society. 
